It is widely recognized that alkali metals, such as, potassium and sodium can cause operational prob lems in the iron blast furnace. These elements can influ ence properties, such as, the softening and melting of ores, formation of scaffolds, coke properties, and refrac tory life. It has been established that recirculation of these elements occurs within the furnace. In the lower furnace vaporization occurs in the high temperature hearth and bosch regions, and condensation occurs in the upper furnace below or in the cohesive zone. For these reasons the input of alkalis into the furnace is strictly controlled.
Introduction
The iron blast furnace remains the principal technology used for the production of primary iron because of its in herent chemical and thermal efficiencies. For this reason the process has been extensively studied from the point of view of engineering practice, and with the advent of improved computer technology significant advances have been made in the development of mathematical models that describe the physical processes, e.g. gas flow and burden distribution, occurring within the furnace [1, 2] . There remain aspects of the chemical processes that could be better described but progress to date has been limited in some cases because of the lack of adequate thermody namic or kinetic models. The behaviour of alkalis in the blast furnace is one of these areas in which modern theo retical tools can now be brought to bear to provide an im proved understanding of the process and the implications for industrial practice.
The presence of alkali metals, such as, potassium and sodium, in the iron blast furnace have been reported [3] [4] [5] to effect a number of aspects of furnace operation a. Slagging of blast furnace and stove refractories b. Formation of scaffolds on the inner walls of the furnace shaft c. Increased reactivity and degradation of coke d. Swelling of ore pellets e. Softening of the iron burden f. Changes to optimum flame temperature, oxygen enrichment g. Changes to optimum slag composition For the most part the effects of increased alkalis are detri mental to furnace productivity and for these reasons the input of alkalis into the furnace is strictly controlled.
Detailed examination of materials obtained from ex cavations of a number of iron blast furnaces [1] has shown that during operation there is uneven distribution of alkalis in the burden. The concentration of alkalis in both ore and coke are typically greater in the upper furnace and the cohesive zone, indicating that the circulation occurs between the tuyere level and higher levels within the burden.
According to [6] in the upper furnace alkalis are present in the condensed phases principally as carbon ates, in the lower furnace in the lower part of the cohesive zone just before melting, as silicates. [7] also report that alkalis are present in burden materials in the cohesive The transport of alkalis between the hearth and cohe sive zone, and lower to upper furnace is thought to occur via the formation of gaseous alkali species, e.g., K(g), KCN(g), KF(g) [4, 6, 8] . These gaseous species are formed in the high temperature regions of the furnace, and are condensed or react with the burden or gas species at lower temperatures.
It is now recognised that behaviour of materials in the cohesive zone and control of the softening of the ore burden is an important method of improving bed permea bility and furnace productivity. Maximising the volume of the lumpy zone has the effect of improving gas utilisation, and decreasing gas pressure losses thereby increasing furnace productivity. The increased softening and melting temperatures of the burden also have beneficial effects in reducing overall fuel rate and silicon in metal [9] .
In the future it is projected that the quality of iron ores will continue to decline with increased alumina and alkali levels depending on the source of raw materials. These im purities are likely to be in the form of smectite clays and other minerals having with them associated potassium.
There are a number of effects on slag behaviour asso ciated with these increased impurity levels. In selecting feed stocks for the furnace upper limits are placed on alumina and alkali levels in the resulting hearth slags based on the effects of individual components. The reality is, however, more complex because of the well established synergistic effects between aluminium and alkali, and alkali earth elements. In the liquid slag structure alumin ium 3+ ions are known to replace silicon 4+ ions in the tetrahedral positions provided additional charge can be supplied, this can be achieved in the presence of alkali 1+ ions. This effect is similar to that observed in the forma tion of 3D feldspar minerals structures. This strong inter action of alkalis with aluminium ions is potentially important to shaft furnace operation in two principle respects. 1. The chemical interaction with aluminium has the effect of lowering the activity of the alkali species in the slags -this makes vapourisation of the alkalis more difficult and has the potential to reduce alkali recirculation. This then is a benefit to the operation. 2. The incorporation of aluminium ions in the tetrahedral positions has the potential to increase rather than decrease slag viscosity, thereby increasing difficulties in slag tapping. This potentially could lead to the need for higher tapping temperatures.
Since the alkalis generate competing and opposite outcomes for the process these complex effects associated with the presence of alumina and alkalis can only quanti fied and assessed with the development of be predictive models, in this way optimum ore blends for future prac tice can be identified.
The aim of the study is to demonstrate the application of thermodynamicallybased process models to staged chemical reaction systems. The specific objective is to provide a quantitative description of the behaviour of alkalis in the iron blast furnace, the phases that are formed and their chemical compositions, the partitioning of major elements between output streams, and the recirculation of volatile elements; this combined with enthalpy changes within the furnace. Reactions in the gas, solid, slag and metal phases are simultaneously taken into account in the calculations.
Description of the two-step iron blast furnace model
The iron blast furnace can be considered as continuous, countercurrent mass and heat transfer reactor in which oxygen is transferred to the ascending gas phase from the descending ore burden, and heat generated by combus tion of coke is transferred from the ascending gas phase to the descending condensed phases. The furnace is charac terized by a thermal and chemical reserve zone in which gas and condensed phases, under ideal conditions, ap proach equilibrium. A starting point for the mathematical modeling of the process is to consider the furnace to be described by a series of equilibrium staged processes. To demonstrate this how this can be achieved in the present study the iron blast furnace is described in terms of a sim plified twostep model (see Figure 1 ) consisting of 1. The Hearth Reactor (the high temperature lower furnace), and 2. The Gas Condenser (the cooler upper furnace). Inputs to the Gas Condenser include Fresh feed (stream 1) to the process and Hot Gases (stream 7) from the Hearth Reactor. The equilibrium calculation performed for the Gas Condenser predicts the outcomes of a number of reactions including reduction of feed oxide solids, reoxidation and condensation of gaseous species passed from the lower furnace. Off gases (stream 10) leave the furnace, and the condensed material (stream 9) and heat exchange enthalpy (stream 8) are passed into the Hearth Reactor.
The calculations are organised in cycles and con tinued until the mass balance criteria are met, i.e. that the input of volatile elements Na and K in fresh feed (stream 1) equal to the Na and K in output streams including slag (stream 4), iron (stream 5) and off gases (stream 10) within predetermined values (absolute values differ by less than 0.0005%).
The FactSage computer package [10] with a custom ised thermodynamic database is used for phase equilibria predictions of the phases formed, the compositions of the phases and the partitioning of major elements between the solid compounds, liquid oxide, metal and gas phases in the Hearth Reactor and in the Gas Condenser. In addi tion to the element and compound databases present in the public domain databases in FactSage, optimized thermodynamic databases describing slags in the system Al 2 O 3 CaOFeOFe 2 O 3 Na 2 OK 2 OMgOSiO 2 have been used in the present calculations [11] . The use of these new data bases is particularly significant when considering high alkali concentrations and extensive solid solutions that can occur in liquid and solid silicate phases. The model describes heat exchange and associated reoxidation and condensation reactions in the gas phase during ascending of the gas.
The information on the iron blast furnace used for model development includes major feed stream compo sitions, stream amounts and stream temperatures. The model output includes the compositions, amounts and temperatures of the off gas, slag, metal streams. A number of assumptions are made:
The input data for the base case are summarised in Table 1 and are based on data for the Fukuyama No5 blast furnace as reported by [12] .
Assumptions:
All iron in feed is 100% fluxed sinter, i. For the calculations reported in the present paper the following parameters have been varied: Alkali loading; Slag basicity, CaO/SiO 2 ; Hearth temperature. Details of the combinations of conditions considered are summarized in Table 3 .
In practice the total gas pressure within the furnace also changes with height and position; in the present cal culations the total pressure is assumed to be 2 atm. in the Hearth Reactor and 1 atm. in the Gas Condenser, reflecting the pressure drop across the packed bed of the furnace.
For the Gas Condenser, all gas species and most of the solid and liquid stoichiometric species were selected. Im portantly, graphite and Fe 3 C were excluded from possible Table 2 : Base Slag composition (mass%) [3] products of the Gas Condenser to simulate the metastabil ity of CO and absence of the carbon formation even at high CO concentrations in the upper furnace.
Results and discussion
Based on the input and output conditions specified above the predicted effects of changing process variables on the steady state performance of the furnace are calculated. A summary of all input and output data are provided in Table 5 . Table 4 shows a summary of the condensed phases in the Gas Condenser for the base case calculation no 2. It can be seen that the alkalis in the condenser consist prin cipally of solid potassium carbonate and alkali silicate phases, the sodium species appear to be concentrated in the silicate. The alkalicontaining gas species present in the Hearth Reactor consist predominantly of elemental K and Na, and the cyanides KCN and NaCN, see Table 5 . Figure 2a -c shows the effect of alkali load on the re circulating alkali load in the furnace. It can be seen that decreasing the alkali in the input leads to an almost linear decreases the recirculating alkali load. It can also be seen from Figure 2a that the recirculation of potassium is approximately an order of magnitude greater than that of sodium; in both cases the % recycling does not change significantly with total load in the range investigated. Despite these effects decreasing the alkali in the input only marginally decreases the concentrations of alkali in the hearth slag in the range of compositions examined (Figure 2b ). Increased alkali in the furnace input does have a significant effect on the heat requirements in the Hearth Reactor (Figure 2c) ; the enthalpy of reactions in the lower furnace becoming increasingly endothermic with increasing alkali loadings. The heat balance between the Hearth Reactor (lower furnace) and the Gas Condenser (upper furnace) is also markedly affected by increasing alkali loading; the calculations shown in (Figure 2c ) indi cate that at higher alkali loadings this can lead to thermal instability with insufficient heat energy being generated in the hearth to sustain the high alkali circulation and the requirements to preheat the descending burden. Figures 3a and 3b show the effects of CaO/SiO 2 ratio in the hearth slag on the recirculating alkali load in the furnace and the concentrations of alkali in the hearth slag. Increasing CaO/SiO 2 results in increased recirculat ing loads and decreases in alkali in the hearth slag. Again increased alkali recirculation is accompanied by increas ingly positive enthalpies of reaction in the Hearth Reactor and unfavourable heat balance (Figure 3c ).
The effects of increasing hearth temperature on alkali recirculation are shown in Figures 4a and 4b ; increase in hearth temperature leads to increased recirculation for both potassium and sodium species. Increasing hearth temperature is accompanied by increasingly positive en thalpies of reaction in the Hearth Reactor and unfavour able heat balances (Figure 4c) .
A simplified model of the iron blast furnace has been demonstrated in the present study. Clearly from these cal culations useful trends in furnace behaviour can be iden tified and these are consistent with plant observations, the twostage model presented here is, however, intended as a demonstration model and the absolute values quoted here should be treated with caution; further refinements and model verification are required before it can be used in forecasting actual practice. There are number of ways that the model can be refined to improve the accuracy of the predictions and provide further useful information.
Increasing the number of equilibrium steps or con denser stages to correspond with different temperatures will make it possible to calculate the effects in the differ ent regions within the furnace. It has been shown [6, 13] , that at different positions within the furnace the alkalis are present in different phases. In the cohesive zone the formation of liquid silicates containing high iron oxide Further refinements of the heat balance in the furnace can be undertaken by including the heat losses through the reactor walls at the different heights in the furnace.
The thermodynamic databases and models in FactSage are also in the process of improvement [14] these will lead to improved accuracy in predictions.
The impact of alkalis on the viscosities of slags can now also be estimated through the development of slag viscosity models [15] . Due to the interaction of alkali and aluminium species in the melt these changes in physico chemical properties can be complex. Figure 5 shows that at low alkali loadings hearth slag viscosities are increased but at higher concentrations the viscosities decrease with increasing alkali levels.
Summary
By considering the iron blast furnace as a series of equi librium staged processes a mathematical model of the process can be developed that enables mass and energy balances, and the chemical and thermochemical equilib ria in each stage to be calculated.
It has been shown that optimized thermodynamic databases describing slags in the system Al 2 O 3 CaOFeO Fe 2 O 3 Na 2 OK 2 OMgOSiO 2 , combined with the computer software FactSage can been used to predict the behaviour of alkalis in the blast furnace and to examine the effects of changing process variables. This is a potentially power ful tool for analysis that can be further extended and refined. 
